SUMMARY Despite its central role in sex determination, genetic analysis of the Y chromosome has been slow. This poor progress has been due to the paucity of available genetic markers. Whereas the X chromosome is known to include at least 100 functional genetic loci, only three or four loci have been ascribed to the Y chromosome and even the existence of several of these loci is controversial. Other factors limiting genetic analysis are the small size of the Y chromosome, which makes cytogenetic definition difficult, and the absence of extensive recombination.
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Investigation of persons with abnormal sex chromosome constitutions has led to the inescapable conclusion that, in man, the Y chromosome is sex determining. Independent of the number of X chromosomes present, the Y chromosome induces male differentiationl-3 and the absence of the Y 4 chromosome results in female differentiation.
The Y chromosome differs from the other human chromosomes in two major respects. Unlike the X chromosome and the autosomes, the presence of the Y chromosome is facultative; absence of the Y chromosome results in female development. Also, unlike the other chromosomes, the Y chromosome appears to be bereft of genetic loci. Although. the sex chromosomes are thought to have evolved from an identical pair of chromosomes,5 the human X chromosome is now approximately three times larger than the Y chromosome. 6 Over 300 genes and disease loci have been mapped to the X chromosome.7 8 In comparison, only a few loci have been assigned to the Y chromosome and, apart from the postulated sex determining gene (or genes), the definition and existence of most of these Y assigned genes is contentious. 8 The Y chromosome has been largely refractory to classical genetic analysis because its only clearly defined function is in sex determination and because of the lack of recombination. Disruption of the sex determining mechanism leads to loss of the genetic transmission needed for genetic analysis. The need to retain the sex determining gene on the Y chromosome is a strong theoretical reason for the absence of recombination between the sex chromosomes, and the large number of X linked genes not found on the Y chromosome testifies to the absence of extensive sex chromosome recombination.
The limited application and success of the classical techniques for analysing the Y chromosome has posed a challenge to the newer methods of genetic analysis. In the classical approach, the direction of analysis flows from the phenotype to the gene and DNA level. Molecular genetics can be used to reverse this process by first isolating DNA sequences from the Y chromosome and then using these to study phenotypes and function. The small size of the Y chromosome is particularly suited to this type of approach and it is likely that this will be the first human chromosome to be fully defined at the DNA sequence level.
In this review we will compare the Y chromosome structure as deduced from, and predicted by, classical analysis with the Y chromosome as revealed by molecular analysis. Because of the relationship between the sex chromosomes it will be necessary to consider some aspects of the genetics and function of the X chromosome; for a more detailed discussion of the X chromosome the companion review by Dr K Davies in the August issue of the journal should be consulted.9 We will also review our own studies with the 12E7 monoclonal antibody which have straddled both the classical and molecular approaches, and finally we will consider briefly the current We have attempted to define the products of the MIC2 loci by biochemical analysis and by gene cloning. The biochemical studies will be described in detail elsewhere and only the conclusions will be discussed here. 65 The gene cloning experiments are still proceeding and only preliminary results can be reported.
None of the monoclonal antibodies which recognise the 12E7 antigen work well in immunoprecipitation, whereas all of the antibodies work well in western blotting. Cell extracts which have been separated according to molecular size by SDS polyacrylamide gel electrophoresis (PAGE) can be transferred to nitrocellulose paper by applying an electric current. The position of an antigen immobilised on the paper can then be determined by incubating with specific antibody, followed by an anti-immunoglobulin detection reagent. In fig 2 binding of 12E7 antibody to a western blot has been detected by anti-mouse immunoglobulin conjugated with horse radish peroxidase. In the extracts from human cells two bands can be detected by western blot analysis, one at 32 500 daltons and one at 29 000 daltons. In extracts from mouse cells only the lower band is visible. We had not expected to detect any bands in the mouse extract as the 12E7 antibody fails to react with mouse cells in indirect radioimmunoassay or immunofluorescence. This apparent contradiction was resolved by cell fractionation. The lower molecular weight polypeptide is found only in the cytoplasm and the 32 500 dalton polypeptide is present only in the cell membrane fractions. Human-mouse hybrids containing either the X or the Y chromosome expressed both the low molecular weight polypeptide and the larger human specific polypeptide (fig 2) . Mixing experiments failed to discern a difference between the X and Y controlled polypeptides. Increased molecular resolution was sought by performing two dimensional PAGE combined with western blot analysis. In this technique the resolving power of PAGE is increased by including isoelectric focusing with separates molecules according to charge. This method also failed to distinguish between the products of the MIC2 loci. The smaller polypeptide differs in isoelectric point from the larger polypeptide by over 2pH units suggesting that these molecules are probably not directly related.65
The biochemical analysis is consistent with the 12E7 antigen being the primary product of the the relevant sequences to the short arm of the X and Y chromosomes. Although it should be stressed that these results have yet to be confirmed, they offer very strong support for the contention that the X and Y chromosomes share expressed genes in the pairing region. FIG The Yg locus is the second well defined locus to be assigned to the human Y chromosome and the symmetry between Xg, MIC2X and Yg, MIC2Y is striking. We hope to discover the precise relationship between these four loci by using our molecular probes for MIC2X and MIC2Y.
A molecular description of the human Y chromosome Just as the cytogenetic map of the Y chromosome has been correlated with subregions defined by classical reasoning, it is also possible to analyse the subregions by molecular analysis. 
MOLECULAR ANALYSIS OF THE HETERO-CHROMATIC REGION
The best correspondence between the classical map and the molecular map is in the long arm of the Y chromosome (fig 3, table 3 with a large excess of female DNA to produce a probe specific for the Y chromosome. The probe reacted with DNA from normal males but failed to react with DNA from males carrying a Y chromosome deleted for the heterochromatic region.90 91 Cooke applied the more direct approach of cleaving male and female DNA with different restriction enzymes. After cleavage with HaeIII, separation on agarose gels, and staining with ethidium bromide, 3.4 kb and 2-1 kb bands were found in male but not female DNA.92 These bands define the 3-4 kb repeat sequence DYZ1 and the 2-1 kb repeat sequence DYZ2. Subsequently, several members of these repeat families have been cloned and studied in more detail. Cooke has estimated that there are about 5000 copies of the 3-4 kb repeat on the Y chromosome, many of these present in tandem P Goodfellow, S Darling, and J Wolfe arrays.92 93 Although the 3-4 kb repeat structure appears to be restricted to the Y chromosome, sequences cross reacting with DXZ1 exist elsewhere in the genome.89 94 95 There is no detectable concentration of these cross reacting sequences on the X chromosome.89 93 The amount of the 34 kb repeat sequence present in any male is related to the length of the heterochromatin present on the Y chromosome of that male9l 94 and this localisation to the heterochromatic region (Yql2-1qter) has been confirmed by in situ hybridisation.
Reassociation kinetics of the 3-4 kb repeat are consistent with considerable sequence variation.96 Direct sequence analysis has also indicated the presence of heterogeneity among DYZI sequences. Many clones consist of repeats of the pentameric 'core' 5'-TFCCA-3' and other clones contain related but slightly different core sequences. The latter clones show reduced male specificity.95 97 The DYZ2 family may be even more complex than the DYZ1 family. Although originally defined by HaeIII cleavage as a 2 1 kb band, the basic repeat unit appears to be a 2-4 kb repeat arranged in tandem arrays.98 9 Sequence analysis of members of the DYZ2 repeat has revealed a complex structure involving both A-T and G-C rich subregions and the presence of an Alu repeat.99 However, it is not certain if all DYZ2 repeats have this structure.
In situ hybridisation has localised the majority of DYZ2 repeats to the distal part of the Y chromosome long arm, 98 The alphoid satellite present on the X chromosome is arranged as a series of 2-0 kb BamHI tandem repeats.1'7 118 These sequences have been named DXZ1. Up to 10 000 copies of DXZ1 may be present on the X chromosome. Even at very P Goodfellow, S Darling, and J Wolfe reduced stringency DXZ1 probes react only weakly with Y chromosome derived DNA."' 117 However, when we screened our cosmid collection derived from the Y chromosome two clones were found which reacted with DXZ1 probes at low stringency."12 These cosmids, 84 and 97, contained rearranged sequences as both inserts were considerably smaller than the 35 to 50 kb needed for packaging DNA into cosmids. This rearrangement is typical of cloned tandem repeats. Probes prepared from 84 and 97 behaved identically, and at high stringency defined a 5*5 kb EcoRI repeat which was Y chromosome specific (fig 4) and present in about 200 copies. Even at high stringency the probes reacted with sequences present on other chromosomes, but these sequences were not arranged as a 5.5 kb EcoRI repeat. As would be predicted probes 84 and 97 only reacted with DNA from the X chromosome at low stringency.
In situ hybridisation at high stringency confirmed the localisation of the sequences defined by 97 to the Y centromere. Reducing the stringency enabled probe 97 to react with the centromeres of all chromosomes, although strongest cross reaction was seen to chromosomes 14, 15, and 22. Several of the underlying 170 bp and 340 bp repeats present in the 5-5 kb EcoRI repeats have been sequenced and this has confirmed that these sequences are diverged members of the alphoid family. DXZ1, the Y repeat, and the alphoid concensus all showed approximately 70% homology. No areas of particular sequence conservation were detected.
The Y specific 5-5 kb EcoRI repeat structure is not present on the Y chromosome of higher primates other than man and probe 97 reacts equally well with male and female DNA from chimpanzee and gorillas.
Several groups have used the long arm repeat sequences DYZ1 and DYZ2 as probes for antenatal sex diagnosis. One problem with this approach is that occasionally normal males have greatly reduced amounts of long arm heterochromatin and might be expected to lack most copies of DXZ1 and DXZ2. Sex diagnosis employing the Y specific alphoid sequence probes would avoid this drawback.
THE Y CHROMOSOME SHORT ARM The classical analysis of the Y chromosome implied extensive sequence homology between the short arm of the X and Y chromosomes and that the sex determining gene(s) should be present in the pericentric region. This hypothesis is clearly incorrect in its simplest form, as molecular analysis has indicated a much more complex structure for the Y chromosome short arm. The short arm has been analysed both directly by the isolation of DNA sequences and indirectly by using these sequences to analyse XX males.
STRUCTURE OF THE Y CHROMOSOME SHORT ARM AS DEDUCED FROM DIRECT ANALYSIS
The first sequence formally assigned to the Y chromosome short arm was isolated by Page et al77 as a random clone from a 1k genomic bank. This sequence, DXYS1, recognised a male specific TaqI restriction fragment in addition to fragments shared by males and females. In situ hybridisation localised the Y sequence to Yp and the X sequence to the long arm region Xql3--q21."9 Both the X and Y sequences are polymorphic and the Y polymorphism is due to an internal duplication of part of the DXYSJ region (D Page, 1985, personal communication). The X and Y linked sequences show extensive homology and restriction enzyme mapping suggests the sequences match at better than 99% of the residues. The homology region stretches for at least 36 kb and may extend for 200 to 300 kb (D Page, 1985, personal communication) . DXYSJ is also X linked in the great apes (gorilla, chimpanzee, and orangutan) but these species lack the Y linked sequences. This combined with the close sequence relationship implies that a specific translocation between the long arm of the X and the short arm of the Y chromosome occurred during evolution of the human lineage. These results also imply that the Y chromosome short arm is not homologous with the X chromosome short arm throughout its length. The latter conclusion is also supported by in situ hybridisation of the Y specific probe p50f2 (related to DYS7) to yp.8 75 Some probes, isolated at random from a human Y cosmid collection,83120 also react with the Y and autosomal sequences or with the Y, autosomal, and X chromosome sequences. Neither the autosomal localisation, nor regional localisation on the sex chromosomes has been reported for these probes. One member of this group of probes, pl2f, defines a Y chromosome polymorphism which shows racial variation.75
The origin of the Y chromosome autosomal shared sequences is not clear; if they are clustered on the Y chromosome and on a particular autosome a large Y-autosomal transposition would be predicted. Alternatively, these sequences may be pseudogenes, with an mRNA origin, as has been postulated for both actin and argininosuccinase sequences, which have been located on both sex chromosomes and on several autosomes.108 109 Two other sequences have been localised to the Y chromosome short arm (unpublished results, in collaboration with V Buckle and I W Craig). The first sequence is recognised by the cDNA clone encoding the 12E7 antigen which has been localised to both Xp (Xp22-32-pter) and Yp. This result constitutes the only direct evidence supporting the existence of homology between the sex chromosomes in the pairing region. The second sequence is defined by probe p75/79 which was isolated from cosmid 75 of our Y chromosome cosmid collection. This probe behaves in a manner similar to DXYS1. In EcoRI genomic digests it defines a male specific restriction fragment as well as an X specific fragment and several fragments shared by the X and Y chromosomes. In preliminary experiments we had assigned this sequence to the euchromatic part of the Y chromosome (Ypter--qll) and the long arm of the X chromosome (Xq13-*qter84 85). These localisations have been refined by in situ hybridisation and somatic cell genetics to Yp and Xq21. As Books have been written about the intricacies, complexities, and contradictions of sd H-Y antigen testing. Early studies were hampered by the poor quality and limited quantities of the antisera available. This made comparing the results from different laboratories difficult, a problem which was compounded by the large number of different assays used. Surprisingly the availability of monoclonal antibodies has not simplified the assays used nor produced standard serological reagents. Particular reserve is required when considering sd H-Y antigen typing of persons suffering from sexual dysgenesis and until the serology of sd H-Y antigen becomes clearer we prefer to reserve judgement on its putative role.
In recent years a consensus seems to have arisen that H-Y antigen is present in at least some XO human females (reviewed by Andrews'33) . If this is the case then sd H-Y is not likely to be a product of the Y chromosome.
Conclusions
Molecular analysis offers the promise of uncovering the secrets of the human Y chromosome and providing the first detailed description of any mammalian chromosome at the molecular level.
The major questions yet to be resolved are the nature, number, and precise location of the sex determining genes. The demonstration that some XX males contain Y derived sequences provides an entry point for analysing, and eventually cloning, these genes. Investigation of XY females for microdeletion of the Y chromosome might also be a useful strategy. These experiments will also help to localise the testis determining gene. Classical analysis of translocations had suggested a short arm pericentric localisation.31 However, analysis of the translocated sequence in XX males is consistent with a more distal localisation. This latter interpretation has also been sugested by the karyotype studies of Magenis et al. 45 Several other fundamental questions should also be resolved in the next few years. The number of expressed Y linked genes, the nature of meiotic chromosome pairing and its relationship (if any) to X inactivation, and the exchange of sequences between sex chromosomes at meiosis are all problems which can be approached using cloned sequences derived from the human sex chromosomes.
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